Summary. Preovulatory bovine follices (n = 73) were collected at different times after the onset of oestrus until shortly before ovulation, which occurred at 24 \m=+-\1 \ m=. \ 4h after the peak concentration of LH in the peripheral blood. Non-atretic antral follicles (n = 9) of 15\p=n-\19mm were also collected from cows during the luteal phase of the oestrous cycle. Follicular fluid concentrations of dehydroepiandrosterone, androstenedione and oestrone, and of LH, FSH and prolactin were compared in 2-h periods relative to the LH plasma peak. Before the LH surge the concentrations of the steroids were much higher than in non-atretic luteal-phase follicles of similar size. From 0 to 6 h after the LH peak the steroid concentrations decreased sharply to remain low until ovulation; only that of androstenedione increased again after 14 h to remain constant. The ratio between the concentrations of androstenedione and dehydroepiandrosterone remained constant until 14 h after the LH peak; at 14 h it increased about 4-fold and remained high until ovulation. The ratio between the oestrone and androstenedione concentration increased gradually to a 10-fold higher value until at 14 h an abrupt decrease was observed. These changes indicate that after the LH peak androgen production is directly inhibited and, at a slower rate, the aromatizing activity. Androstenedione appeared to be the major aromatase substrate.
Introduction
In the cow the oestradiol concentration in the fluid of preovulatory follicles decreases about 6 h after the preovulatory peak of luteinizing hormone (LH) (Dieleman, Kruip, Fontijne, de Jong & van der Weyden, 1983) . It is not clear, however, whether oestradiol biosynthesis is terminated by inhibition of aromatizing activity or of androgen production, and which androgen serves as substrate for aromatase. In-vitro studies by Fortune & Hansel (1979) indicated that the aromatizing capacity of bovine granulosa cells is diminished 10-15 h after the preovulatory LH peak, while Suzuki & Tamaoki (1980) suggested that in the rat thecal androgen production is inhibited after ovulation, causing depletion of the substrate for oestrogen synthesis. Since in-vitro studies with rat follicles (Wang & Chan, 1982) showed that follicle-stimulating hormone (FSH) and prolactin act directly on granulosa steroid production, LH may not be the only regulating factor of steroidogenesis in preovulatory follicles. Although several reports describe the concentration of androstenedione and pituitary hormones in ovarian follicular fluid in different mammalian species (e.g. Peters & McNatty, 1980;  McNatty, Gibb, Dobson, Thurley & Findlay, 1981b; Henderson, McNeilly & Swanston, 1982) , information is scarce about alterations of hormone concentrations in follicular fluid during preovulatory development in normal cyclic animals. We therefore investigated the changes occurring in vivo in the concentrations of dehydroepiandrosterone, androstenedione and oestrone, and of LH, FSH and prolactin in the fluid of preovulatory bovine follicles in relation to the preovulatory peak of LH. For comparative purposes, large non-atretic follicles were also collected during the luteal phase of the oestrous cycle, since this is a period when basal follicular fluid concentrations of pituitary hormones can be expected (Ireland & Roche, 1983 ).
Materials and Methods

Collection offollicles
The preovulatory follicles from normally cyclic Dutch-Friesian heifers (n = 43) and cows (n = 11) were those used previously (Dieleman et ai, 1983) ; the ovaries had been recovered at known intervals after onset of oestrus until ovulation. The collection was expanded with another 19 preovulatory follicles from Dutch-Friesian heifers. The housing of the animals, assessment of the luteal function by estimating the progesterone concentration in the peripheral blood with a rapid radioimmunoassay (RIA) twice a day and detection of oestrus, were as described previously (Dieleman et ai, 1983) , as were recovery of the ovaries by ovariectomy, dissection of the follicles, processing of the fluid, collection of blood samples and RIA of LH in plasma. For comparative purposes the 9 follicles 15-19 mm in diameter (Dieleman et ai, 1983) (Dieleman & Schoenmakers, 1979; Van Landeghem et ai, 1981) . The mean recoveries (« = 50) were 82-3 ± 5-9 (s.d.)% after celite column chromatography, 80-9 ± 7-3% after extraction and 78-1 ± 6-9% after chromatography on Sephadex LH-20 respectively. The intra-and interassay coefficients of variation were < 11 and <14% (n > 12), respectively, and the sensitivity was at least 60 fmol/tube. (1983) , respectively; the intra-assay coefficients of variation were all <7%. Concentrations of LH were estimated with an homologous double-antibody RIA. The antiserum (8101), final dilution 1:1 000 000, was raised in rabbit against bovine LH (bLH-7981), which was purified according to Closset, Vandalem & Hennen (1975) (1959) .
Results
Steroid and pituitary hormone concentrations in the fluid ofpreovulatory follicles
The time when the maximum LH concentration was recorded in peripheral blood was defined as the LH peak (time 0). The mean ± s.d. intervals between the onset of oestrus and the onset of the LH surge (first elevated concentration of LH followed by higher values) and the maximum LH values were 1-73 ± 2-35 and 4-63 ± 2-67 h (« = 33) respectively. Ovulation occurred 24 + 1-4 (s.d.) h ( = 4) after the LH peak (Dieleman et ai, 1983) .
Steroids. In preovulatory follicles collected before the LH surge the mean ± s.e.m. concentrations (jxmol/1, = 10) of dehydroepiandrosterone, androstenedione and oestrone in the fluid were 0-19 ± 0-04, 1-37 ± 0-24 and 0-47 ± 0-08 respectively. After the LH peak 44 follicles were collected over 2-h periods, the last period being 22-25 h after the LH peak. Text-figure 1 presents the mean concentrations and molar ratios for the measured steroids at each period ; those of testosterone and oestradiol had been estimated previously (Dieleman et ai, 1983) . The dehydroepiandrosterone concentration in the fluid of follicles collected before the LH surge was not significantly different from that during 0-2 and 2-4 h after the LH peak. After 4 h, the concentration decreased abruptly (P < 0001) to remain constant until ovulation. The apparent initial decrease of the ratio between the androstenedione and dehydroepiandrosterone concentra¬ tion was not significant; it remained constant until 14 h after the LH peak. The test for covariance between the concentrations of the two steroids in this period showed a correlation coefficient 0-82 (P < 0-001). The ratio from 14 h to ovulation was significantly higher (P < 0-001) than before 14 h after the LH peak. The androstenedione concentration before the LH peak (Text- fig. 1 ) was significantly higher (P < 0001) than that after the LH peak. Between 0 and 8 h after the LH peak the concentration decreased sharply (P < 0-05) and remained low until 14 h. In the next 11 h until ovulation the concentration was higher (P < 0-05) than that between 8 and 14 h after the LH peak. The pattern of the androstenedione concentration therefore showed three different phases after the LH peak. The ratio between the oestrone and androstenedione concentrations increased after the LH peak until 14 h ; the ratio in the period 12-14 h was significantly higher (P < 0-05) than that at 0-2 h and 22-25 h after the LH peak. After 14 h until ovulation the ratio had returned to that before the LH peak. The ratio between the testosterone and androstenedione concentration increased after the LH peak until 14 h; the ratio at 12-14 h was significantly higher (P < 0-001) than that before the LH surge. After 14 h the ratio fell significantly (P < 0005) to a value which remained constant until ovulation; this value was not significantly different from that before the LH surge. The oestrone concentration in the fluid of follicles collected before the LH surge (Text- fig. 1 ) was not significantly different from that during 0^1 h after the LH peak ; it was, however, significantly higher ( < 0-001) than the concentration thereafter. From 4 to 14 h the concentration remained constant; the apparent decrease until 20 h and the subsequent 2-fold increase of the oestrone concentration were not significant. The ratio between the oestradiol and oestrone concentration in the fluid of follicles collected before the LH surge until 4 h after the LH peak was significantly lower (P < 0-025) than that from 4 to 12 h. After the drop (P < 0-05) at 12-14 h the apparent increase of the ratio until 20 h after the LH peak was not significant. concentrations (jig/l) of LH, FSH and prolactin in the follicular fluid were 1-26 ± 0-18 (n = 13), 0-83 ± 0-14 (n = 12) and 12-16 ± 1-68 (n = 13) in terms of NIH-LH-B9, bFSH and NIH-P-B3 respectively. Four follicles were collected between 4 and 2 h before the LH plasma peak, and 54 follicles were collected over 2-h periods after the LH plasma peak. Text-figure 2 presents the mean concentrations of the pituitary hormones at each period and the LH concentration in the peripheral blood. The pattern of the LH concentration in the follicular fluid showed a maximum at about 4 h after the maximum recorded in the peripheral blood. The LH concentration in follicular fluid at 2-4 h and 4-6 h after the LH peak was significantly higher (P < 0-005 for both periods) than that of follicles collected before the LH plasma peak; the concentration between 2 and 6 h was also significantly higher (P < 0-05 for all) than that at 10-20 h and 22-25 h. From about 7 to 20 h the LH concentration in the follicular fluid was higher (P < 0-02) than that in peripheral blood. By 20-25 h the LH concentration in follicular fluid was similar to that measured in follicles collected before the LH plasma peak. The FSH concentration (Text- fig. 2 ) in the period before the LH plasma peak was significantly lower (P < 0-025) than that during the period from 0 to 18 h. The apparently lower concentration at 18-20 h was not different from those in the preceding or succeeding periods. Just before ovulation the FSH concentration was significantly higher (P = 0-05) than before the LH plasma peak. The prolactin concentration in the follicular fluid (Text- fig. 2 ) fluctuated throughout the period of preovulatory follicular development from the onset of oestrus until ovulation. The apparently elevated concentrations at 6-8 h, 14-16 h and 20-22 h after the LH plasma peak were not significantly different from the concentrations during other periods.
Steroid and pituitary hormone concentrations in the fluid ofantral non-atretic follicles during the luteal phase of the oestrous cycle
The mean concentrations of dehydroepiandrosterone, androstenedione and oestrone in the fluid of the 9 follicles of 15-19 mm collected during the luteal phase of the oestrous cycle were 0-006 ± 0-002, 0015 ± 0-007 and 0-033 ± 0-007 µ / respectively. These concentrations were significantly lower (P < 0001 for all) than for preovulatory follicles collected before the LH surge. The mean concentrations of LH and prolactin were 0-87 ±0-11 and 10-80 ± 2-25 µg/l respectively, which were not significantly different from the values for preovulatory follicles. All the FSH values were below the detection limit of the assay (P < 0-01 compared with values for preovulatory follicles).
Discussion
After the onset of oestrus and before the LH surge the follicular fluid concentrations of the steroids were at least 14-fold higher than those in follicles collected during the luteal phase of the oestrous cycle. This indicates that preovulatory follicles are more steroidogenically active than large nonatretic luteal-phase follicles. Before the LH surge the follicular fluid concentration of androstenedione exceeded that of other steroids, but was lower than that reported for oestradiol (Dieleman et ai, 1983) . At 72 h after prostaglandin treatment, the concentration of androstenedione in preovulatory follicles (Ireland & Roche, 1982) was about one-half of the values reported here, but in large non-ovulatory follicles during the luteal phase of the oestrous cycle (Ireland & Roche, 1983 ) the androstenedione value was higher than that found in the present study for similar follicles. Considerably lower androstenedione concentrations were given by Henderson et ai ( 1982) for follicles larger than 10 mm, which were not dated as to the stage of the oestrous cycle. The finding that the follicular fluid concentration of oestrone before the LH surge was much lower than that of oestradiol confirms earlier observations (Lunaas, 1964 (Scaramuzzi, Baird, Clarke, Martensz & Van Look, 1980) shows that the proportions of the steroids involved in oestrogen synthesis are most similar in cows and women.
After the onset of oestrus and before the LH surge in the peripheral blood the follicular fluid concentration of FSH was higher than that in large non-atretic luteal-phase follicles. This corresponds with the reported higher oestradiol concentration in preovulatory follicles (Dieleman et ai, 1983) , since FSH is supposed to stimulate aromatizing activity (Hillier, 1981) , and with the observation that large non-atretic follicles during the luteal phase were non-ovulatory (Ireland & Roche, 1983 ; S. J. Dieleman, unpublished data). The follicular fluid concentrations of LH, FSH and prolactin before the LH surge were similar to those reported by Henderson et ai (1982) for follicles larger than 10 mm, when the FSH concentration reported here is expressed in the same terms as used by these authors (0-83 µg bFSH/1: converted value 83 µg NIH-FSH-B1/1; Cheng, 1978) . In the fluid of human preovulatory follicles the concentrations of LH and FSH were higher and of prolactin lower than those of luteal-phase follicles (McNatty, Hunter, McNeilly & Sawers, 1975) ; similar observations were made for LH and prolactin in the ewe (McNatty et ai, 1981b) .
In-vitro experiments by Fortune & Hansel (1979) demonstrated that thecal cells are the primary source of androgens, while granulosa cells produce oestrogens. In the preovulatory follicles under study, the concentrations of the steroids intermediary in the oestrogen synthetic pathway decreased rapidly during the period from 0 to 6 h after the LH plasma peak, whereas no significant decrease of the oestradiol concentration had been observed during this phase (Dieleman et ai, 1983) . The patterns of the androstenedione and dehydroepiandrosterone concentrations showed that 5-3ß-hydroxysteroid dehydrogenase activity probably is continuous throughout preovulatory growth as shown in the theca interna in sheep (Hay & Moor, 1975) . This implies that the observed immediate decrease of the androstenedione concentration may be due to inhibition at an earlier step in the 5-pathway. The continuous increase of the ratio of oestrone to androstenedione from 0 h until the sharp decrease at 14 h indicates that inhibition of aromatase became evident at about 14 h after the LH plasma peak, probably causing the increase of the androstenedione concentration. The pattern of the ratio of oestradiol to oestrone suggests that 17ß-hydroxysteroid dehydrogenase (17ß-HSD) activity remained present until shortly before ovulation.
The successive decrease of the follicular fluid concentrations of androstenedione, oestrone and oestradiol after the LH plasma peak, and the finding that the androstenedione concentration before the LH surge was about 8-fold higher than that of testosterone, indicate that androstenedione is the major aromatase substrate. Furthermore, the fall of the oestrone concentration occurred after the decrease of testosterone, which came about at a slower rate than that of androstenedione as shown by the ratio of these two steroids. Henderson & Moon (1979) assumed a preference for testosterone as aromatase substrate based on differences in the rate of conversion of administered testosterone and androstenedione by granulosa cells from randomly collected large follicles during luteinization in culture. However, this difference may be due to low 17ß-HSD activity. Therefore, it is supposed that synthesis of oestradiol in preovulatory bovine follicles in vivo takes place through the pathway : pregnenolone -» 17a-hydroxypregnenolone -» dehydroepiandrosterone -» androstenedione -»-> oestrone -oestradiol.
The LH concentration in the fluid of preovulatory bovine follicles started to rise when the LH concentration in the peripheral blood had already reached its maximum, as was reported by McNatty, Dobson, Gibb, Kieboom & Thurley (1981a) for ovine follicles after administration of LH-releasing hormone to ewes under anaesthesia at 10 days after oestrus. The effects of LH, however, were already evident concurrently with the LH plasma rise, as shown by the rapid decrease of the androstenedione concentration in the follicular fluid. This lag may be due to occupation of free LH receptors since the inward flow of small proteins like gonadotrophins may not be impeded by the blood-follicle barrier (Cran, Moor & Hay, 1976) . The maximum LH concentration in follicular fluid was about one seventh of that in the peripheral blood but it remained elevated for a longer period than that in the peripheral blood, as reported in experiments with ewes (McNatty et ai, 1981 a) . The observed tailing of the LH peak in the follicular fluid may be due to a slower efflux than influx of LH, as indicated by the reported accumulation of small proteins in follicular fluid (Andersen, Krall, Byskov & Faber, 1976) . Sakai & Channing (1979) suggested that the increase of the LH concentration in the fluid of preovulatory monkey follicles could reflect accumulation of LH subunits rather than biologically active LH. Since, however, the follicular fluid concentrations of LH did not return to the level before the LH plasma peak until after 20 h when morphological and functional luteinization of the membrana granulosa became apparent (Dieleman et ai, 1983) , it is suggested that the tailing of the LH peak in the follicular fluid may be due to a gradual release of LH from the receptors in the follicular wall. Ireland & Roche (1982) reported an FSH peak coinciding with the preovulatory plasma LH peak. Compared with this reported FSH surge, the FSH concentration in the fluid of preovulatory follicles started to rise after the onset of the increase in the peripheral blood. From about 6 h after the LH plasma peak the pattern of the FSH concentration in the follicular fluid showed a gradual decrease until 20 h. This again may be explained as the result of a cumulative effect of slow efflux and gradual release of FSH from the receptors in the follicular wall. From 20 h until ovulation the FSH concentration increased and was significantly higher than in follicles collected before the LH/ FSH peak. In peripheral blood of sheep a second FSH peak was reached shortly before ovulation (Baird, Swanston & McNeilly, 1981) . The high follicular fluid concentration of FSH at the time of ovulation is possibly correlated with the supposed stimulatory role of FSH for ovulatory processes like mucification of the cumulus cells and activation of plasmin (see Fritz & Speroff, 1982 , for review). The prolactin concentration in the follicular fluid fluctuated throughout preovulatory development, and its overall mean concentration (12-97 ± 6-50 µg/l, = 71) was similar to that observed in peripheral blood samples taken each hour during preovulatory development (S. J. Dieleman, unpublished data). It is supposed that the measured prolactin concentration in the follicular fluid reflected the in-vivo concentrations, since a detailed study of the changes occurring at the time of ovariectomy demonstrated that increase of the prolactin concentration in the peripheral blood due to the stress of surgery started after the ovarian blood vessels were clamped (S. J. Dieleman, unpublished observations).
The results of this study indicate that androstenedione is the major substrate for aromatase and oestradiol biosynthesis is terminated by direct inhibition of androgen production preceding eventual inhibition of aromatizing activity. It is supposed that in vivo LH is the major regulatory gonadotrophin for steroidogenesis and with FSH is required throughout preovulatory development until luteinization and oocyte maturation (Kruip, Cran, Van Beneden & Dieleman, 1983) are completed.
